[1] Benthic and planktonic 14 C ages are presented for the last glacial termination from marine sediment core VM21-30 from 617 m in the eastern equatorial Pacific. The benthic-planktonic 14 C age differences in the core increased to more than 6000 years between Heinrich 1 time and the end of the Younger Dryas period. Several replicated 14 C ages on different benthic and planktonic species from the same samples within the deglacial section of the core indicate a minimal amount of bioturbation. Scanning electron microscopy reveals no evidence of calcite alteration or contamination. The oxygen isotope stratigraphy of planktonic and benthic foraminifera does not indicate anomalously old (glacial age) values, and there is no evidence of a large negative stable carbon isotope excursion in benthic foraminifera that would indicate input of old carbon from dissociated methane. It appears, therefore, that the benthic 14 C excursion in this core is not an artifact of diagenesis, bioturbation, or a pulse of methane. A benthic D
14
C stratigraphy reconstructed from the 14 C ages from the deglacial section of VM21-30 appears to match that of Baja margin core MV99-MC19/GC31/PC08 (705 m), but the magnitude of the low-14 C excursion is much larger in the VM21-30 record. This would seem to imply that the VM21-30 core was closer to the source of
Introduction
[2] In a recent paper Marchitto et al. [2007] presented evidence for a two-part excursion in radiocarbon activity (D 14 C) at 705 m water depth in the northeastern Pacific Ocean during glacial termination I. These authors demonstrated a roughly 200% drop in D
14
C between $17 and 15 ka B.P. and another equivalent negative excursion between $14 ka B.P and 11 ka B.P. The 14 C excursions were documented from 14 C measurements of benthic foraminiferal calcite extracted from a sediment core whose chronostratigraphy could be tied independently of 14 C to the GISP II ice core record (Figure 1 ).
[3] Marchitto et al. [2007] argued that large D
C excursions spanning the time between the Heinrich 1 (H1) and the Younger Dryas (YD) events are indicative of a change in ventilation dynamics within the Pacific during the last deglaciation that released 14 C depleted CO 2 from a cold, saline deep water mass [Adkins et al., 2002a [Adkins et al., , 2002b ] that had been isolated from the atmosphere for thousands of years during the glacial [Keeling and Stephens, 2001; Sigman and Boyle, 2000; Toggweiler, 1999 Toggweiler, , 2008 . They speculated that this renewed ventilation was brought about by sea ice retreat and wind pattern changes around Antarctica, and that it led to ventilation of previously sequestered CO 2 through the Southern Ocean and to subsequent transport of a low-D 14 C signal into the ocean interior via Antarctic Intermediate Water/sub-Antarctic Mode Water.
Background
[4] The database of 14 C ages from fossil carbonate precipitated in the ocean's surface water and in speleothems document a systematic and long-term decrease in radiocarbon concentrations (D 14 C) from the last glacial period to the recent Holocene [Beck et al., 2001; Chiu et al., 2007; Fairbanks et al., 2005; Hughen et al., 2004; Muscheler et al., 2005; Voelker et al., 2000] (Figure 1) . The magnitude and duration of the D 14 C changes spanning the past 30,000 years implies the production of 14 C in the atmosphere has not remained constant and that the partitioning of 14 CO 2 between reservoirs has varied, The 14 C records also show several shorter-term excursions in D 14 C during the past 30,000 years that are not found in archives of other cosmogenic isotopes and thus do not appear to be due to production changes [Muscheler et al., 2005] . These shorterterm excursions imply that the variable uptake and release of carbon from the ocean had an important influence on the 14 C content of the atmosphere.
[5] Among the most notable of the D 14 C excursions during the past 30,000 years was a $50% rise and subsequent 190% drop in atmospheric and surface ocean D 14 C between 17.5 and 14.5 ka B.P. (Figure 1 ), coeval with a rise in atmospheric concentrations [Monnin et al., 2001 ] that points to a release of CO 2 to the atmosphere from a 14 C-depleted reservoir. The deglacial rise in atmospheric CO 2 stratigraphy began to rise between 17 ka B.P. and 18 ka B.P., rising by 40 ppmv by 14.5 ka B.P. [Monnin et al., 2001 ]. The precise timing of the initial increase in CO 2 at the end of the last glacial has not been firmly established because of uncertainties in assigning gas ages to CO 2 records [Blunier and Brook, 2001; EPICA community members, 2004; Monnin et al., 2001] . In the Dome C ice core, the concentrations of both CO 2 and CH 4 begin to increase above their glacial values at 525 m. In the EDC1 [EPICA community members, 2004] time scale this depth has a corresponding gas age of 17 ka B.P.. However, by synchronizing CH 4 records from the Antarctic Dome C core and the Greenland GISP ice core [Blunier and Brook, 2001] and adopting the GISPII gas age model, the initial CO 2 rise would correspond to $18 ka B.P. as originally presented by Smith et al. [1999] for the Taylor Dome core. In reviewing the ocean and atmospheric changes at the end of the last glacial Denton et al. [2006] and Broecker and Barker [2007] referred to the time between 17.5 and 14.5 ka B.P. as the ''mystery interval'' (MI) because of the wide spread ocean and atmospheric changes that accompanied the enigmatic D
14
C shift. The MI was a time of massive iceberg discharge in the North Atlantic (Heinrich 1 event) [Bond et al., 1993; Bond and Lotti, 1995] and of weakened North Atlantic Deep Water overturning circulation [McManus et al., 2004] . But since the radiocarbon excursion during the MI involved a large drop in D
C, it appears to have been caused by factors other than a reduction in North Atlantic overturning circulation itself since this would be expected to have reduced the uptake of 14 CO 2 from the atmosphere.
[6] Broecker and Barker [2007] pointed out in their review of available data for the period between 17.5 and 14.5 ka B.P. that in the absence of a sustained release of radiocarbon-dead CO 2 from either volcanism or from a methane outburst, neither of which is evident in ice core records, and with no evidence of dramatic 14 C production changes [Muscheler et al., 2005] , the most likely source of radiocarbon-depleted CO 2 would have been from the deep sea. But this would require there to have been a significant increase in the age of deep waters during the glacial, perhaps by as much as several thousand years beyond the age of the oldest water masses in the deep ocean today. The absolute size and distribution of such 14 C-depleted water is not easily estimated because so few deep sea 14 C records currently exist that can be used to reconstruct 14 C gradients within the glacial ocean.
[7] There are a number of reasons to consider that an increase in ventilation age could have occurred during the last ice age. Pore water chlorinity data indicate bottom waters in the glacial ocean were more highly saline and more strongly stratified, which would have contributed to reduced ventilation rates [Adkins et al., 2002a] . In the North Atlantic, D
14 C values in benthic foraminifera from the Last Glacial Maximum and from H1 time in cores collected from below 3000 m are as much as 250% lower than modern values [Robinson et al., 2005] , implying there was greater proportion of older, more 14 C-depleted southern sourced waters in the North Atlantic at times when NADW was reduced. While these 14 C results and the evidence of higher deep water salinities could imply a more sluggish circulation, to date there is no evidence from Pacific sites at depths below 2000 m documenting deep waters that were as much as 6000 years old during the last glacial [Broecker and Barker, 2007] . Where then would the 14 C-depleted waters come from that ventilated the thermocline depths of the eastern North Pacific during the last glacial termination [Marchitto et al., 2007] ? [8] In the present study we have used radiocarbon ages of planktonic and benthic foraminifera to estimate the 14 C age of both surface and intermediate waters in the eastern equatorial Pacific across the Mystery Interval in a further effort to evaluate the extent of 14 C-depleted waters within the Pacific during the deglaciation. New 14 C data is presented for core VM21-30 (Table 1) , a core collected from 617 m water depth within the upwelling regime to the east of the Galapagos Islands (Figure 2 ). We targeted VM21-30 for this study for two reasons. C record based on tree rings, varves, and corals [Reimer et al., 2004] and Baja margin [Marchitto et al., 2007] compared to the deglacial rise in atmospheric CO 2 from Taylor Dome ice core [Smith et al., 1999] .
differences from a sample taken at 275-285 cm in this core, but chose not to incorporate the planktonic and benthic ages from this core in their survey of Pacific 14 C ventilation ages because of discrepancies in ages for mixed benthics and Uvigerina. However, taking the younger of their two VM21-30 benthic ages gives a benthic-planktonic age difference of 3620 years, substantially older than the $800-1000 year difference that is observed today at this location [Key et al., 2004] . A larger data set of 14 C data from VM21-30 is presented here and is compared with the 14 C record from the Baja margin [Marchitto et al., 2007] .
Sample Preparations, Age Models, and #

C Chronologies
[9] Foraminiferal samples for 14 C dating were picked from the >250 mm size fraction of VM21-30 core sediments that had been disaggregated in tap water and dried at low temperature. Picked foraminifera were sonified briefly three times in deionized water, removing the supernatant after each rinse. This step was followed by a sonification rinse in methanol and then DI water, followed by a rinse in 0.15% H 2 0 2 in 0.1 M NaOH at 90°C for 5 min and briefly sonicated twice. After a final rinse in DI water and second rinse in methanol the samples were transferred to a drying oven maintained at 50°C. The 14 C samples were typically between 2 and 5 mg, although several of the benthic samples were smaller because of lower abundances. AMS dating was carried out at the WHOI and UCI AMS laboratories (Table 2) . Samples measured at UCI were leached 10% with dilute HCl immediately prior to hydrolysis, whereas WHOI samples were not leached. Geological calcite samples were measured at both laboratories to evaluate size-dependent sample processing blanks. Quoted uncertainties for both laboratories are based on scatter of multiple measurements as well as counting statistics, and include contributions from normalization to radiocarbon standards and for background subtraction. Three planktonic and one benthic sample measured at UCI underwent twostep dissolution, with independent 14 C measurements of the CO 2 from the two fractions (Table 2) .
[10] To develop a D 14 C stratigraphy for the VM21-30 core through the mystery interval we use several prominent d 18 O and d 13 C datums that are well characterized in the foraminiferal isotope stratigraphy through the last deglaciation. These include the negative shift in marine carbonate d
18 O between 14.5 and 12.3 ka B.P. that marked meltwater event 1A, [Fairbanks, 1989; Peltier, 2005] and the 0.5% d 13 C minimum in atmospheric 13 CO 2 between $18-11 ka B.P. documented in the Taylor Dome Ice core [Smith et al., 1999] (Figure 3) . A corresponding deglacial d 13 C excursion is also evident in the planktonic foraminifera isotope stratigraphies of tropical/subtropical Pacific cores [Bostock et al., 2004; Spero and Lea, 2002] , allowing for direct correlation between the ice core and tropical marine records ( Figure 3 and Table 3 ). We take the beginning and the end of the deglacial d 13 C excursion in the Taylor Dome Ice Core stratigraphy [Smith et al., 1999] as chronologic datums and use these ages to estimate the sediment accumulation rate (age model) through the deglacial section of VM21-30 (Table 3) . We note that the chronology of these datums in the Taylor Dome Ice core has uncertainties of several centuries [Monnin et al., 2001] . We also recognize that the Taylor Dome age model as presented by Grootes et al. [2001] and as presented by Smith et al. [1999] differ in the glacial section of the core, prior to $18 ka B.P. By using the ice core datums to align the marine and ice core stratigraphies through the deglacial sections we have attempted to circumvent potential error that would arise from varying marine 14 C reservoir ages in the eastern tropical Pacific. In the Holocene and LGM sections however, there are no such datums that tie the ice and marine core stratigraphies together. The VM21-30 age model for the Holocene and for the LGM interval was developed by applying conventional 14 C calendar year calibrations to the planktonic 14 C ages INTCAL04 [Reimer et al., 2004] with a 500 year reservoir age correction. We acknowledge that this reservoir correction introduces an unknown level of age uncertainty. The magnitude of this uncertainty cannot be fully assessed but we compare the resulting D14C stratigraphy for VM21-30 to that of Cariaco Basin [Fairbanks et al., 2005; Hughen et al., 2004] (Figure 4) . The comparison suggests that the constant reservoir age assumption is not too far off because in the LGM and in the Holocene the two records are reasonably similar. In the deglacial section of the VM21-30 [Stott et al., 2004] ) with deglacial d 13 C stratigraphy for atmospheric CO 2 from Taylor Dome ice core [Smith et al., 1999] . The mystery interval is marked in gray. The beginning of the deglacial d 13 C excursion is less certain in the ice core because of the resolution of the measurements. However, each of the marine records documents a d 13 C excursion during the early part of the deglaciation that is similar in magnitude to the atmospheric signal and is characterized by two minima, one centered at 16-17 ka B.P. and the second centered between 11.5 and 13.5 ka B.P. The MD98-2181 core has a disturbed interval between 961 and 941 cm [Stott, 2007] , so the precise position of this second d 13 C minimum is less certain.
record there is a marked offset relative to the Cariaco Basin record (Figure 4) . The VM21-30 values are markedly lower during the Mystery Interval, coinciding with the large benthic-planktonic 14 C differences. One potential implication of this would be that old radiocarbon was being upwelled into the surface waters in the eastern equatorial Pacific during the Mystery Interval.
Preservation of Foraminiferal Calcite
[11] We assessed the preservation of VM21-30 foraminifera and the efficiency of our cleaning techniques with scanning electron microscope (SEM) examination both benthic and planktonic foraminiferal tests from several core samples ( Figure 5) . Examination of the surficial and cross sections of shell calcite of both benthic and planktonic specimens revealed no evidence of alteration or secondary calcite. The results convinced us that the carbonate from the VM21-30 core is well preserved and contains very little contaminating detritus after cleaning.
VM21-30
C Results
[12] The 14 C ages of benthic and planktonic foraminifera are shown in Figure 6 and listed in Table 2 . The average sediment accumulation rate based on the planktonic 14 C age/depth trend is $10 cm/ka, relatively high for an open ocean site. Nonetheless, the planktonic 14 C ages from the VM21-30 core exhibit a good deal of scatter and this presumably reflects the influence of bioturbation. The down core planktonic 14 C ages do not however, exhibit any large deviations or excursions whereas the down core trend of benthic 14 C ages from this core does exhibit a distinctive nonlinear trend with depth ( Figure 6 ). At the top of the core the benthic ages are offset from the planktonic ages by an average of 1000 years. Below 100 cm the benthicplanktonic age differences increase significantly. Between 100 and 115 cm the benthic-planktonic 14 C age difference is $3000 years and increases to more than 6000 years at 170 cm. A maximum benthic-planktonic age difference of 8550 years occurs at the 177 cm horizon. Below 177 cm the D ages decrease again to roughly 3000 years.
[13] We measured 14 C ages of two planktonic and benthic foraminiferal species from several different sample horizons. Benthic samples of Oridosalis and Uvigerina were measured from samples at 177 cm, 268.5 cm and 279 cm. We also measured two successive leaches of Uvigerina from the 241 cm sample. Both benthic species from the 177 cm and 268.5 cm samples returned ages that are indistinguishable from one another whereas the 279 cm sample returned an age for Oridosalis that is 3400 years older than Uvigerina. The two Uvigerina leaches from the 241 cm sample are again, indistinguishable from one another ( Table 2 ). In each of these samples the benthic-planktonic age differences are significantly larger than are the samples from the Holocene portion of this core and as much as 3000 to 5000 years greater than the age difference between surface waters and intermediate waters today in the EEP. At the same time, there are two samples from the deglacial section of the core for which the benthic 14 C ages are clearly much younger than the benthic ages from above and below. A mixed benthic sample from 215 cm returned an age of 16,470 years whereas Uvigerina from the 211 cm horizon is 20,970 years and the Uvigerina from the 221 cm horizon is 20,600 years. At 236 cm the mixed benthic 14 C age is also younger than are the samples above and below this horizon (Table 2) .
[14] The 14 C reproducibility of planktonic foraminiferal species varies among samples (Table 2) . From several samples specimens of Globigerinoides ruber returned 14 C ages that are older than Globigerinoides sacculifer. But in samples that exhibit the largest benthic-planktonic age difference ($200 -100 cm), the planktonic species have very similar 14 C ages. In fact, for the 177 cm sample both G. sacculifer and Globorotalia menardii returned 14 C ages of 12,000 +/À 130 years and 11,950 +/À 25 years, respectively. The benthic samples of Oridosalis and Uvigerina from this same sample are 19,950 +/À 150 and 21,100 +/À 560, respectively. If such good reproducibility for both the planktonic and the benthic 14 C ages is taken to be an indicator of how reliable these ages measurements are, it means that the surface to intermediate water 14 C age difference was as much as 8000 years during the last deglaciation. This result would seem inconceivable if it were not for the results of Marchitto et al. [2007] . These anomalously large benthic-planktonic age differences are restricted to the deglacial section of the core and coincide at least approximately with the timing of the D 14 C excursion that has been documented from the Baja margin. Furthermore, we see no evidence of a preservation bias between the Holocene and the deglacial samples of this core and the abundances of benthic foraminifera are similar in the Holocene and deglacial sections of the core. There is no marked excursion in the oxygen isotope stratigraphy of Uvigerina that would indicate the specimens from the deglacial section have been displaced from older, glacial age horizons (Figure 7) . Indeed, the entire benthic glacial Holocene d C agreement among multiple species are excluded, we are still left with a suite of samples from the deglacial section of VM21-30 for which we find no basis to discount what appears to be a very large benthic-planktonic age differences during the deglaciation.
Intermediate Water #
C Anomaly During the Mystery Interval
[15] The available 14 C data from the Pacific, including the new data presented here from VM21-30 presents us with a conundrum. On the one hand, the occurrence of a large increase in the benthic to planktonic 14 C age difference in the deglacial section of VM21-30 coincides with the well defined excursion that was documented from the Baja margin. On the other hand, the magnitude of the benthicplanktonic age difference in the deglacial section of the VM21-30 core implies that intermediate water ages were many thousands of years older than they are today, and far older than those indicated by the Baja data. Because the benthic glacial Holocene d
18 O stratigraphy agrees with other Pacific records, there is no indication that the deglacial benthic 14 C values are an artifact of reworked, glacial age specimens (Figure 7) . In fact, the reproducibility among different benthic and planktonic foraminiferal species from several deglacial samples is remarkable for a core with this sediment accumulation rate. Hence, we have to consider whether such old 14 C ages are an accurate reflection of intermediate water age during the deglaciation.
[16] One possible explanation for such anomalous deglacial benthic 14 C ages could be that there was a pulse of methane injected into intermediate waters of the southeastern Pacific. As Broecker and Barker [2007] pointed out, the lack of evidence from ice core records of a large increase in equatorial Pacific. Nonetheless, in order to explain the results presented here in terms of this scenario, the intermediate to deep waters in the North Pacific must have been significantly older prior to Heinrich event I than they are today.
[18] In recent studies of 14 C age differences for paired benthic and planktonic foraminifera from ODP887 (northwestern Pacific, 3647 m depth [Galbraith et al., 2007] ) and core MR01-K03 from a water depth of 1366 m south of Hokkaido [Ahagon et al., 2003] indicate that LGM intermediate to deep waters were about 1000 years older than during Heinrich I. Neither of these records document water mass ages of up to 6000 years. On the other hand, Sikes et al. [2000] did present evidence for $5500 year old glacial deep water from a core taken east of New Zealand.
Conclusions
[19] A number of studies have described the deglacial history of atmospheric CO 2 rise in relation to changing ocean ventilation dynamics, particularly in the Southern Ocean [de Boer et al., 2007; Keeling and Stephens, 2001; Lamy et al., 2004; Marchitto et al., 2007; Pena et al., 2008; Toggweiler et al., 1991; Toggweiler, 2008] . The results we present for VM21-30 potentially provide an additional line of evidence to support a link between atmospheric CO 2 and ocean ventilation dynamics during deglaciation. The key to verifying the dynamical relationship between atmospheric CO 2 and ocean ventilation change lies in documenting the phasing of events during deglaciation and also identifying the actual reservoir for storage of CO 2 during the glacial. Progress is being made on the first count but the location of CO 2 storage within the ocean during the glacial remains elusive. The very old 14 C ages documented in the VM21-30 core would imply that a reservoir of CO 2 was isolated in the ocean for many thousands of years. Around 19-16 ka ago major climatic reorganizations began in both the Northern and Southern Hemispheres. Whereas in the northern hemisphere Heinrich Event I began around 17 ka B.P. and led to the apparent weakening of the AMOC [McManus et al., 2004] and to enhanced ventilation of intermediate to deep layers in the North Pacific [Gebhardt et al., 2008; Sarnthein et al., 2007] , there is compelling evidence , and references therein] that documents earlier warming at higher southern latitudes began around 19-18 ka B.P. This warming can be partly attributed to changes in the austral spring insolation (or equivalently to a lengthening of the summer season) leading to a decrease of austral spring and summer sea ice extent [Timmermann et al., 2009] . Changes near the springtime sea ice margin are likely to have affected temperatures in the main formation sites of AAIW, SAMW and CDW. These temperature changes would have propagated with some delay through the Pacific Ocean perhaps contributing to the release of CO 2 from the ocean. But in the absence of evidence for a CO 2 -rich, 
